We discuss the relation between the CP symmetry and the custodial SU(2) symmetry in the Higgs sector. In particular, we show that CP violation in the Higgs-gauge sector is allowed only if the custodial SU(2) symmetry is broken. We exploit these facts to constrain CP violation using the experimental bounds on ρ−1. CP nonconservation in the Higgs-fermion interactions can also be constrained in a similar way although a possible exception is pointed out.
Introduction
In the standard model (SM) of the weak interactions the origin of CP nonconservation is intimately related to the mechanism of electroweak symmetry breaking (ESB). Progress in the understanding of one of these phenomena will most probably lead to progress in the understanding of the other.
CP nonconservation in the SM arises from the phases appearing in the Kobayashi-
Maskawa matrix
1 . This suffices to explain the CP violation observed in the neutral kaon system. However, unless only one Higgs doublet triggers ESB, it seems natural for CP nonconservation to also occur in the Higgs interactions 2 . This source of CP violation can manifest itself through virtual effects or through direct production of Higgs bosons. In the first case, one looks for one-loop Higgs contributions to CP-violating experimental observables such as the electric dipole moment of the neutron 2−4 and electron 5 , or asymmetries in the top quark production or decay 6 .
Such one-loop contributions are generally small and decrease with increasing Higgs masses. For Higgs masses of the order of a hundred GeV maximal CP violation in the Higgs sector is consistent with present experimental data. In the second case, one tries to detect CP violation in the production mechanisms of the Higgs bosons or their decays 7−9 . For example, evidence of CP violation in the production of two symmetry cannot be defined in the Higgs potential. #1 Thus, if we insist in having CP violation, radiative corrections to ρ will be unavoidable. From the experimental bounds on ∆ρ ≡ ρ − 1, we will be able to constrain the CP violation in the Higgs sector.
In section 2, we analyze the scalar contributions to the ρ parameter in a CPviolating two Higgs doublet model. The custodial symmetry is defined in section 3 where we prove our assertion that a custodial-invariant Higgs potential is always CP conserving. In section 4 we use the results of section 2 and 3 in an attempt to place bounds on CP violation in the Higgs sector. Finally, section 5 is devoted to the conclusions. #2 In such models the ρ parameter is arbitrary and #1 This was previously pointed out by S. Weinberg in Ref. [2] . #2 There are some exotic representations, such as a 7-plet of hypercharge Y = ±4, for which ρ = 1 at tree level independently of the VEVs of the scalars.
radiative corrections are not calculable.
In this paper we will only work within the two Higgs doublet model (THDM).
Our results, however, can be generalized to most of the multi-scalar models. The
In general the parameters m 2 12 , λ 5 , λ 6 and λ 7 can be complex and thus give rise to CP violation in the Higgs sector. #3 Even if all the parameters are real (no explicit CP violation) it can be shown that there is a region of parameter space where the VEVs of the neutral scalars are
and therefore CP is spontaneously broken 12 . It is convenient to define a basis Φ ′ 1 , Φ ′ 2 where only one Higgs doublet gets a VEV, i.e.,
where 
where O O O is an orthogonal matrix.
Higgs boson contributions to the ρ parameter have been extensively analyzed in theories with two Higgs doublets without CP violation 13−17 and also more recently in the CP-violating case 18 . Nevertheless, the connection between the magnitude of such contributions, the custodial symmetry and CP violation in the Higgs sector has not been analyzed.
The loop contributions to ∆ρ are given by the parameter T defined by
where Π ab (q 2 ) is the coefficient of g µν in the vacuum polarization tensor and α = e 2 /(4π). The Higgs contributions to T are not finite. The gauge boson contributions must also be included to obtain a finite result. For this reason, it is convenient to set the SM with one Higgs doublet (H ref ) as a reference point and study the deviations from this point. In this case, the extra contribution to T in a CP-violating THDM is given by
#4 See also Ref. [18] .
where
and
The first term reflects the breaking of the custodial symmetry which results when the U(1) Y factor is gauged, and arises even when the Higgs potential is custodialinvariant 20 . Such a term grows only logarithmically with the Higgs masses:
The 
In the case where the H + is degenerate with two neutral Higgs such a term also vanishes. It can be easily shown, however, that when this latter condition holds Eq. (11) also holds.
The relation between CP and the custodial symmetry may be apparent in Eq. (11) . It was shown in Ref. [7] that in the limit where O O O i1 → 0 (for any i) CP is conserved by the Higgs-gauge interactions. Consequently, if the contributions to T are small then CP violation is also small. Note that the opposite is not true 13−17 .
The relation between the custodial and CP symmetry will become clearer in the next section.
In principle there is no reason to expect that Eq. (11) holds, so the contribution to T for large Higgs masses could be significant. Since T depends on six arbitrary parameters it is difficult to give a full analysis of its value. We will focus on the contribution to T from a maximally CP-violating Higgs sector. This occurs when
Maximal CP violation also requires a large splitting between the neutral Higgs masses 3, 21 . Since it may be more natural for the Higgs boson mass splitting to be of the order of their masses, i.e.,
we will also consider the case where both Eqs. (12) and (13) From Fig. 1a one can see that a large mass splitting results in a large contribution to T . This was expected as we noted before. When the Higgs mass splitting is on the order of their masses, the contribution is only relevant for a large Higgs mass scale (Fig. 1b) . The experimental limits on T (dotted line) have been taken from Ref. [22] , −0.93 < T < 0.33 .
This experimental bound can be used to rule out a region of parameter space of the Higgs sector. However, since the top quark mass is still unknown there is a large uncertainty in this excluded region (a large negative contribution to T from a CP-violating Higgs sector may be canceled by the positive contribution from the top quark). Nevertheless, it is likely that the top quark will be discovered in the near future. If it were found and its mass measured to an accuracy of ∆m t ≃ ±5 GeV, it would be possible 23 , using the "Ultimate LEP" configuration, to improve the experimental uncertainty of T to ∆T ≃ ±0.1 .
In this case, if the central value of T remained close to zero (after subtracting the top quark contribution), any custodial-breaking term in the Higgs potential would be tightly constrained. #5 Of course, we could fine-tune the parameters of the Higgs potential in order to make the contribution to T small without requiring an approximate custodial symmetry. We will not consider such an unnatural possibility.
CP and Custodial Symmetry in the Higgs Potential
In this section we study the CP symmetry in the limit where the Higgs potential is custodial SU(2) invariant. The custodial symmetry is actually violated #5 Actually, due to the first term in Eq. (7), a small experimental value for T would be required even in models with a custodial-invariant scalar potential.
by the gauge factor U(1) Y and infinite radiative corrections 24 are induced in a custodial-invariant Higgs potential (unless the gauge group is enlarged -see for example Ref. [25] ). Thus, the custodial symmetry can at best be only considered an approximate symmetry.
We need to enlarge the global symmetry of the Higgs potential so that after the ESB there remains a residual SU(2) symmetry. If only three Goldstone bosons are allowed, the symmetry-breaking pattern is
In the THDM there are two possible ways of defining the global SU(2) L × SU(2) R symmetry 26 :
Case I: Following the SM case 10 , we define a matrix field
which transforms under the SU(2) L × SU(2) R symmetry as
In order that the symmetry is broken down to SU(2) V , we need
Case II: We define a unique matrix field
In this case, the symmetry is broken down to SU(2) V when
It can be shown that, in the absence of fermions, transformation (20) is a more restrictive case of transformation (18) . However, since we will be considering the Higgs-fermion interactions we need to consider both cases separately.
We begin with case I and define in the usual way the transformation of the scalar fields under CP:
Note, that from Eq. (4) and Eq. (19), the above transformation is equivalent to defining h 0 and H 0 as CP-even states and A 0 as a CP-odd state. The transformation (22) can be written in the form
Clearly, a Higgs potential that is invariant under (18) (with L = R) is also invariant under (23) . Therefore, a Higgs potential that is invariant under SU(2) V will automatically conserve CP.
For the case II, we define the CP transformation as
Again this transformation can be written in the form
It corresponds (using Eq. (4) and Eq. (21)) to defining h 0 and A 0 as CP-even states, and H 0 as CP-odd.
In the appendix we derive the constraints on the most general THDM potential [Eq. (2)] imposed by the SU(2) L ×SU(2) R symmetry. We also show explicitly that CP is conserved in a THDM with custodial invariance.
The kinetic term for the Higgs bosons is invariant under the SU(2) L × SU ( 
If the discrete symmetries A 0 to be a mass eigenstate of mass equal to the charged Higgs mass (see appendix).
Therefore, the custodial limit is given by
The
e., CP-conserving limit. In the limit (26), the contribution to T (including only terms with quadratic dependence on the Higgs mass) can be written as
Note that when ∆m 2 +3 = 0 (custodial limit of a CP-conserving THDM 14,29 ), there are still terms that grow quadratically with the heavy Higgs masses. Explicitly, we
The experimental bounds on T can be used to constrain To get an idea of the magnitude of such bounds, we parameterize the custodial limit (26) in terms of only one parameter, O O O 31 . In a first case (Fig. 2a) , we consider: (Fig. 2b) .
Conclusions
We have shown that in a THDM with maximal CP violation in the Higgs sector, there are large contributions to ∆ρ coming from the scalar sector. We have seen that this is due to the fact that any term in the Higgs potential that breaks CP also breaks the custodial SU(2) symmetry and, therefore, contributes to ∆ρ at It seems that in this case we can have explicit and spontaneous CP violation, because the scalar self-couplings and the VEVs can be complex. Nevertheless, using Eqs. (21) 
